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Open access under CC BY-The tube model for linear and branched architectures is nowadays able to predict in high
precision the linear viscoelastic relaxation time spectrum. For linear chains, the involved
time scales ﬁt to the commonly accessible dynamic scattering techniques. This makes it
possible to microscopically investigate the correlation between structures and relaxation
processes. In branched systems, however, the hierarchical nature of relaxations limits
direct investigation via these microscopic methods as the dynamic processes are prolon-
gated to much longer relaxation times that are no more accessible to usual dynamic scat-
tering methods. A way to overcome this difﬁculty is offered by the use of static small angle
neutron scattering. Here, the combination of annealing and quenching steps after a step
deformation provides unique information of the structure at particular times along the
relaxation spectrum. This, however, necessitates the availability of architecturally clean
and speciﬁcally deuterium labelled model polymers due to the sensitivity of the scattering
method. Therefore, we outline in this contribution ﬁrst the current status on the synthesis
and analysis of such compounds with relation to neutron scattering. Secondly, we present
exemplary neutron scattering results from in situ stress relaxation studies inside the
neutron beam on linear and H-shaped branched polymers which were molecularly
designed to highlight speciﬁc relaxation processes. We discuss the relevance of the tube
model parameters in linear and non-linear studies.
 2010 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Information of polymers on a molecular scale and their
mechanical and rheological properties can be gained by
observing the relaxation behaviour after a sudden deforma-
tion, away from its equilibriumstate. The typical response is
viscoelastic and is characterized by both elastic, strain-
dependent and viscous, time-dependent components.
In the linear regime, i.e. after small deformations, the
microscopic origin of elastic properties probed at short
times or high frequencies is the mutual entangling of poly-
mer chains. At long times, slowly varying perturbations,
however, cause polymers to ﬂow. De Gennes, Doi and1; fax: +49 2461 61
ckhout-Hintzen).
NC-ND license.Edwards, as leading authors in this ﬁeld [1,2] approximated
this many-chain problemwith the tubemodel solution that
accounts for the interaction between chains. In this model,
each chain is thought to be conﬁned or restricted inside a
tube or channel,madeup of the identical chains. Its topolog-
ical length scale, termed tube diameter is the respective
mesh size of a temporary network of entanglements. Sub-
tube diametermotions are taken unconstrained and exhibit
so-called Rouse motion from the similarity of motion in a
heat bath whereas above the conﬁnement length scale the
dynamics of a chain is mainly a curvilinear segmental one-
dimensional Rousemotion along the average contour called
tubeaxis. In this concept the transversal ﬂuctuations around
the tube axis are fully developed already at the Rouse entan-
glement time scale se, where a chain segment has explored
the tube. Relaxation processes at later time are one-dimen-
sional longitudinal Rouse motions along the tube that give
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ations (CLF) with the chain Rouse time sR) and the diffusion
of the chain as awhole (termed reptationwith the reptation
time sd). Additionally, constraint-releasing motion of the
surrounding chains (CR), which constitute the tube affects
the dynamics of a given chain. This picture allowed a qua-
si-full description of the relaxation modulus for linear
chains basing on molecular principles [3,4]. The described
approach is therefore also called molecular rheology and is
today well established [5].
Whereas by now the dynamics of simple linear chains is
rather well understood, the behaviour of architecturally
more complex chains and their blends is still matter of
intensive investigation, not only because of their impor-
tance in nowadays prominent plastics and materials [5–
11,35–38]. The incorporation of any low level of branching
inside the molecule, e.g. is observed to extend the long
time behaviour already drastically. A single knot or branch
point blocks several relaxation modes and shifts the relax-
ation spectrum by decades [4,10]. Similar as for the linear
chain [3], now tube models for branched systems have
been developed which differ slightly in their details
depending on the schools and are now being used already
for predictive purposes. The main difference with linear
chains is the hierarchical nature of relaxation. Whereas
for linear chains a single loss peak in G00(x), characteristic
for the longest, i.e. reptation time is observed, now each le-
vel of branching, from outside inwards to the center of the
molecule, will cause more or less separated maxima in the
loss modulus. Star polymers are the simplest branched
structures without hierarchy, showing, however, all details
of the inﬂuence of the branch point. The next level in com-
plexity, e.g. an H-shaped polymer can be regarded as two
stars coupled from two sides to a central backbone. The
relaxation of the latter is inhibited until all arms have freed
themselves by arm retraction and associated tube-depopu-
lation. To help overcome the entropic barrier for retraction
to the branch point the tube is believed to widen in time by
the already relaxed ends which, being solvent-like on the
time scale of the unrelaxed sections, dilute the network
of entanglements or swell the tube equivalently [10,36].
This process is called dynamic tube dilution. As soon as
the arms have reduced to isotropic disoriented segments
now with localized friction, the branch points can now be
integrated as part of the backbone. The new structure
now resembles a linear chain, which continues to relax
but in a wider, dilated tube [6–8,14]. Star, H and related
pompom geometries have thus been extensively studied
and rheology curves were described in the past [6,35–
38]. The tube model has been extensively treated else-
where and we refer to the speciﬁc literature. Even the
non-linear responses have been proposed. As before, all
approaches base on a speciﬁc molecular model that
deals with the different time and corresponding length
scales. However, all approaches are lacking the last, ﬁnal
microscopic proof.
Neutron scattering on these materials now enables an
ultimate insight in the structure on the microscopic level
of polymers which is out of reach but complementary to
the observed rheological answer. The technique of neutron
scattering has therefore become one of the most powerfulmethods for soft matter investigations. By partial deutera-
tion – taking proﬁt of the different scattering lengths of
hydrogen and deuterium atoms – single chains or parts
of them can be made visible. In this way the focus can be
put on different length scales. This is due to the fact that
the scattering vector, i.e. the observable inverse spatial
length scale as well the energy, i.e. the observable inverse
time scale of the chains are ideally suited: small angle neu-
tron scattering (SANS) instruments allow explorations of
space between roughly 1 and 1000 nm and the energy res-
olution is such that times up to 500 ns can now be resolved
directly using quasi-elastic neutron spin echo spectroscopy
(NSE). For comparison with the complex shear modulus
G*(x), the NSE technique limits investigations to roughly
1–5 tube diameters wide, thus enough to probe local and
transitional dynamics within less than 500 ns. The time
scale can be extended at will, however, through transient
experiments using SANS, e.g. after step-strain deforma-
tions and relaxation, and by quenching the relaxed states
at longer times [6,7,9,12–15]. In this way comparably long
times to the rheological investigations can be achieved
with the exclusive advantage that the corresponding
molecular structures and details can be caught. The
quenching technique decouples effectively the microscopic
and laboratory time frame.
However, the absolutely necessary requirement to
achieve this last goal is the availability of suitably labelled
linear and branched model polymers for the sake of quan-
titative comparison to predictions following the molecular
rheology rules. The needed polymers must be composed of
building blocks having deﬁned molecular weights and low
molecular weight distributions. In addition, the locations
and functionalities of the branch points must be deﬁned.
Such exact architectures can be synthesized by coupling
anionically polymerized building blocks with chlorosilane
compounds [16,17]. The advantage of anionic polymeriza-
tion is that this technique allows synthesizing polydienes
like polybutadiene and polyisoprene up to high molecular
weights. In addition, segments of the polymer chains can
be labelled by sequentially polymerizing deuterated and
hydrogenous monomer. This is the utmost requisite for
detailed neutron scattering studies.
In this contribution, basing on some specially designed
architectures, relaxationmodes of polymers will be investi-
gated after a fast uniaxial step strain deformation using the
method of small angle neutron scattering from quenched
samples. Examples of microscopic investigations into the
assumptionsof the rheological descriptionswill beprovided
on two model architectures, i.e. linear and H-shaped. Only
the shown synergy of chemical synthesis, molecular rheo-
logical characterization and neutron scattering provides
the strength to extract structure–property relationships
which can be applied for industrial process optimization
and controlled and enhanced polymer properties.2. Synthesis and analysis of branched model
architectures
Model polymers of high structural quality are required
to allow the development and a deeper understanding of
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Scheme 2. Synthesis of a four-arm star polymer.
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tion and chlorosilane linking chemistry offers the ideal
pathway to synthesize such materials [16,17]. The strength
of anionic polymerization is based on the possibility to
polymerize dienes like butadiene and isoprene predomi-
nantly in the 1,4-microstructure with low molecular
weight distributions and up to high molecular weights.
The 1,4-polydienes combine thereby low glass transition
temperatures of about 70 C to 80 C with low entan-
glement molecular weights, which are in the order of
2000–4000 g/mol. This allows obtaining well entangled
samples with reasonably low overall molecular weights
which meets the conditions of the scattering investigation:
rather small chain lengths then carry enough entangle-
ments and their size is well within the spatial range of
the small angle diffractometers. As the monomer chemis-
try is unimportant and universal properties in the investi-
gations are prominent, the unit being the entanglement
cell, general conclusions can be drawn for different chem-
istry polymers like, e.g. the related polyoleﬁnes which can
be regarded as hydrogenated polydienes in this review. In
addition to the size constraint, particular segments of the
polymer chains can be highlighted or labelled by sequen-
tially polymerizing deuterated and hydrogenous mono-
mer. The living reactive carbanionic head groups of the
linear building blocks can be coupled using multifunctional
chlorosilanes. This reaction combines high selectivity with
high reactivity. It is therefore useful to synthesize
branched structures having high building block molecular
weights as in this case the concentrations of reactive
groups is extremely small. The combined approach of anio-
nic polymerization and chlorosilane coupling is now pre-
dominantly used to synthesize a multitude of different
chain architectures. The most relevant ones, each of them
well suited for the investigation of speciﬁc polymer
dynamics are shown in Scheme 1. In this contribution we
review their synthesis shortly in the following sections.2.1. Star polymers: the single branch point architecture
Both from the architectural and the synthetic stand-
point star polymers represent the simplest class of
branched polymers. Methyltrichlorosilane (MeSiCl3) or sil-
icon tetrachloride (SiCl4) is used for the synthesis of the
respective three-arm or four-arm star polymers [16–18].
As an example Scheme 2 shows the reaction for theH-polymer pom-pom polymer
dendritic polymer
exact comb polymer
star polymer
Scheme 1. Exact non-linear polymer architectures.synthesis of a four-arm star polymer using SiCl4 as the link-
ing agent. In order to quantitatively replace the Si–Cl func-
tionalities by polymer chains an excess of living polymer is
required. After completion of the reaction the non-reacted
linear material can easily be eliminated by fractionation.
However, the sterical requirements of the carbanionic
chain ends can complicate the linking reaction [19]. Poly-
butadienyl lithium reacts for example quantitatively with
SiCl4. The slightly more bulky chain ends of polyisoprenyl
lithium do not allow replacing the Si–Cl groups quantita-
tively. This difﬁculty can be overcome by end-capping
the polyisoprenyl lithium chains with a few butadiene
units. By using dendrimeric chlorosilane coupling agents
monodisperse star polymers were synthesized with func-
tionalities up to 128 [20]. Even for the highest functional-
ities it was possible to extend the arm molecular weight
up to about 100,000 g/mol. This underlines the high reac-
tivity of the carbanion–chlorosilane coupling reaction.
The use of chemically pure chlorosilane linking agents al-
lows predetermining the arm number precisely and the
obtained star polymers are monodisperse with respect to
the arm number. It is clear that there are limitations in case
of dendritic linking agents. Here the real functionalities are
below the theoretical ones. By analysing polybutadiene
star polymers using MALDI-TOF MS and 1H NMR it was
shown that up to a functionality of 16 the real and the the-
oretical values coincide. The loss of functionality for higher
arm numbers is partly due to the linking agent and partly
caused by an incomplete coupling reaction of living poly-
mer head groups with the Si–Cl groups of the dendrimers.
For example, at a theoretical functionality of 64 the real
arm number found was 54 [21]. The functionality distribu-
tions of the dendrimeric linking agents were extremely
narrow. Up to a theoretical functionality of 32, fw/fn was
below 1.01. Here, fw denotes the weight average and fn
the number average functionality. The molecular weight
distributions for the stars ranged between 1.01 and 1.02.
2.2. Architectures with two branch points
The synthesis of deﬁned architectures with more than
one branch point is more complex than the synthesis of
star polymers. The simplest structure is the so called
H-polymer (Scheme 1). It can be synthesized using
diphenylethylene based difunctional initiators [22,23]. A
possible synthetic pathway is given in Scheme 3. With
the aid of a difunctional initiator in the ﬁrst step a cross-
bar is synthesized having two reactive carbon lithium
chain ends. Functionalization is carried out using an excess
of MeSiCl3. This measure allows equipping each chain ends
with two Si–Cl groups. The excess of chlorosilane reagent
_Li+
_
Li+
monomer excess MeSiCl3
Li
_+
Li
_ + SiMeMeSi
Cl
Cl
Cl
Cl
residual 
Li
_ +> 4
Li
_ +
+SiMeMeSi
Scheme 3. Synthesis of an H-shaped polymer.
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linker molecule. It can be easily removed by distillation. In
the second step monofunctional arms are coupled with the
Si–Cl groups of the cross-bar. This time an excess of arm is
required, which later can be removed by fractionation. If
MeSiCl3 is replaced by SiCl4 or chlorosilanes of higher func-
tionality the so called pom–pom polymers are accessible
where each cross-bar chain end is equipped with three or
more arms (Scheme 1) [23,24].
The precise structural analysis of such branched poly-
mers is a challenge. This is outlined here for the H-poly-
mer. Scheme 4 shows possible by-products, which can be
formed because of incomplete coupling reactions or un-
wanted side reactions. The detection of these differently
branched architectures by SEC (size exclusion chromatog-
raphy) is extremely difﬁcult or even impossible as this
technique separates polymer chains by their size in solu-
tion. In branched structures this quantity changes little
with different branching degrees. It turned out that SEC
can successfully be replaced by TGIC (temperature gradi-
ent interaction chromatography) [25]. Fig. 1 shows the
SEC (upper chromatogram) and TGIC analysis results (low-
er chromatogram) of a polybutadiene H-polymer having a
cross-bar molecular weight of 57,000 g/mol and an arm
molecular weight of 25,000 g/mol. The SEC signal is narrow
and marginally asymmetric. The molecular weight distri-
bution obtained from SEC Mw/Mn = 1.04 indicates a nar-
rowly distributed material. The scenario is completely
different for TGIC. Here, beside the main signal several
smaller signals appear. In TGIC, the molecular weight
dependence on elution time is opposite to SEC. In SEC,
the fractionation depends uniquely on the size of the dis-
solved polymer coils and the high molecular weight frac-
tions elute ﬁrst. TGIC, on the other hand, is an adsorptive
technique. Therefore, the higher molecular weight poly-
mers elute at higher retention volumes (VR). In the TGIC
analysis online light scattering allowed allocating theScheme 4. Identiﬁed architecturally different bsignals to speciﬁc by-products. This is indicated in Fig. 1.
The quantiﬁcation of the TGIC chromatogram revealed that
the polymer which was supposed being structurally clean
according to the SEC analysis contained 30% of differently
branched structures. It is important to mention that for
this H-polymer the cross-bar was synthesized from deuter-
ated monomer and for the arms hydrogeneous monomer
was used. As TGIC is extremely sensitive to the chemical
composition also the small difference between hydroge-
nous and deuterated polymers signiﬁcantly inﬂuences
the retention time. As the H-structure and the differently
branched by-products have different hydrogen–deuterium
compositions the separation in this special case depends
on both the size of the molecules and the isotope composi-
tion. Only this combination makes it possible to separate
the different structures. Without the isotope effect the
separation would be rudimentary simple because of the
polydispersity of each signal.
2.3. Architectures with three and more branch points
The production of exact architectures with at least three
branch points requires different synthetic strategies than
described so far [26–28]. Using the same basic reactions
described so far, 4-(dichloromethylsilyl)diphenylethylene
(DCMSDPE) was introduced as an additional coupling com-
pound [26]. Its chemical structure is given in Scheme 5.
Carbanions preferably react with the two Si–Cl units of
DCMSDPE but can also attack the carbon double bond. This
strategy was used to synthesize a polybutadiene comb
polymer with three side arms or also dendritic polymers
(Scheme 5). In the ﬁrst step DCMSDPE is reacted with
two equivalents of polybutadienyl lithium. The product is
a linear polymer containing one diphenylethylene unit in
the middle. Upon reaction with sec-butyl lithium it is used
as macro-initiator in the following polymerization. The
reaction with sec-butyl lithium leads uniquely to the 1:1y-products during H-polymer synthesis.
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Fig. 1. SEC (upper chromatogram) and TGIC results (lower chromatogram) of an H-shaped polymer having a deuterated cross-bar and hydrogenous arms. In
the TGIC chromatogram the molecular weight dependence on elution time is opposite to SEC; higher molecular weight polymers elute at higher retention
volumes (VR). The non-linear temperature proﬁle during the elution is shown in the plot.
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unit the macro-initiator cannot attack other so far unre-
acted diphenylethylene molecules. After polymerization
of the newly added monomer a three-arm star is obtained,
which contains a carbanionic head group at the end of one
arm. If a more than threefold excess of this compound is
reacted with MeSiCl3 a dendritic polymer is obtained
[31]. If instead two equivalents of living polymer are re-
acted with MeSiCl3 the product is an H-shaped polymer,
containing a Si–Cl unit at the middle of the cross-bar.
The Si–Cl unit ﬁnally is coupled with monofunctional
polybutadienyl lithium and as a result an exact comb with
three side arms is obtained [26]. In each case the excess of
lower molecular weight building block has to be removed
by fractionation.
The analysis of the structural quality of such architec-
turally complex compounds is very difﬁcult. As described
for the H-structure, sophisticated interaction chromato-
graphic techniques were employed to study comb shaped
polymers as well as their precursors. [29,30]. As a result
arm number distributions of the combs could be obtained.
3. Experimental scattering of non-equilibrium
structures
The linear rheology of linear and branched polymers in
equilibrium can be measured from dynamic-mechanicalmeasurements of the shear modulus in the small ampli-
tude region (ARES, TA Instruments, formerly Rheometic
Sci.) in a typical frequency range of 0.01 <x < 100 rad/s
at different temperatures. The time–temperature superpo-
sition principle (TTS) can then be applied which allows to
shift the data from different temperatures onto a master
curve at reference temperature T0. Shift factors correct
for the change in relaxation times horizontally and for
the strength of relaxation vertically. A WLF equation can
then be ﬁtted which links relaxation times to the temper-
ature in terms of two material-speciﬁc parameters, C1 and
C2 according to log aT ¼ C1ðT  T0Þ=ðC2 þ ðT  T0ÞÞ. In the
linear limit and for rather dynamically homogeneous poly-
meric architectures, thermorheological simple answers are
expected and the TTS principle is applicable, even for
strongly branched polymers [5]. The experiments yield
the shear modulus G*(x) which can be transformed into
E*(x) in the case of stretching.
For the purpose of investigations of low Tg-polymers a
strain rig with appropriate temperature as well as strain
rate control was especially designed at FZ Jülich (Fig. 2)
[6,7,9]. Here, the sample is kept between 2 clamps. The
upper clampmay be driven up by a step motor with a max-
imum load of 300 N and speeds between 104 and
75 mm s1, yielding strain rates between 4  107 and
4 s1 at the stretching temperature. The deformation takes
place at constant strain rate condition which is fulﬁlled by
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Scheme 5. Synthesis of architectures with three and more branch points.
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as vðtÞ ¼ _eL0 expð _etÞ. The sample length L then increases
as LðtÞ ¼ L0 expð _etÞ, L0 being the initial length. The temper-
ature of the sample is varied between 140 and +200 C
using gasiﬁed liquid N2. The thermalized sample chamber
consists of three parts: in the lower part of the thermobox,
a spiral heater transforms liquid N2 into gas of the desired
temperature. By means of the carrier gas, this heat is
conducted onto the sample through four diffusers.
The middle section contains the sample and consists of
a neutron-transparent, internally evacuated, double-
walled quartz cell. At mid-height a high ﬂux of liquid N2
can be directed straight on the deformed sample if one
wants to quench the present sample state. With this cell,
the straining can be done in situ in the neutron beam. In
the upper part, four thermocouples (Fe–Cu) measure the
temperature in the immediate vicinity of the sample. It
was assured that the temperature of the gas is the same
as that of the sample. The lower and the upper parts of
the thermobox are evacuated during the experiment for
isolation purposes and homogeneous temperature distri-
bution. For thermal stability and friction reasons, the gap
between shaft and thermobox is about 0.2 mm. A moder-
ate resolution load cell beneath the cell (10 N max) can
be additionally installed for non-neutron relaxation stud-
ies at low T. SANS experiments using the upper strain rig
were, e.g. performed at KWS1 in FZ Jülich. Different
sample-to-detector distances were combined to cover the
scattering vector range 7  103 < q (Å1) < 101, thescattering vector being deﬁned as q ¼ 4p sinðh=2Þ=kN . h
and kN are scattering angle and neutron wave length.
Two-dimensional scattering data were corrected pixelwise
in the standard way for sensitivity, empty cell scattering
and dark current and absolutely calibrated. Basing on the
linear viscoelasticity and assuming simple thermorheolog-
ical behaviour for uniaxial deformation, the focus can be
directed on the speciﬁc time scale of relaxations. The sam-
ples were typically uniaxially stretched at typically 30 C
in 1–5 s with constant strain rate and then quenched to
85 C within about 1 s. Quenching below the sample
glass transition temperature is needed before each SANS
experiment in order to freeze in the chain conformation,
decouple the relaxation and measurement times and thus
avoid further large scale chain relaxation during the scat-
tering measurement. Latter takes typically of the order of
5 h. The stretching, performed at Tg + 40 C, is close-to
or virtually instantaneous with respect to the molecular
relaxation processes of the polymer chains. The quenched
relaxation processes can be restarted by raising the tem-
perature of the system again above Tg for controlled peri-
ods. In this way, it becomes possible to study the
structure of the strained melt after different annealing
times. Since the annealing phase includes both heating
ramps and steady phases at several temperatures, the
times exposed at different temperatures were converted
to 25 C for consistency using the formerly obtained WLF
time–temperature shift factors. A given time t(T) measured
at temperature T is then converted to a time t(T0) at the
Fig. 2. Strain rig mounted in KWS1, FZ Jülich. Neutrons impinge on the
sample from the right and are scattered and detected on the left at
variable detector distances. Description see text and references therein.
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tors were determined independently from rheology. The
total accuracy of times, estimated from error propagation
taking into account C1 and C2, the uncertainty of the sam-
ple temperature and the uncertainty of the temperature
ramp, is about 50% and sufﬁcient for comparison of anneal-
ing times during the SANS experiments and the time con-
stants from linear rheology.4. Example of SANS analyses of quenched structures
Well-entangled and hierarchically controlled relaxing
melts behave in a sense similar to permanent, lightly-
crosslinked rubberelastic networks. The analogy is clear:
the tube axis in a long chain melt can be considered as a
very slow-relaxing part or quenched variable compared
to the chain entanglement or tube diameter structure
which is a typically fast or annealed variable [32–34]. In
a network, the central tube axis is permanently ﬁxed
around which segments ﬂuctuate. In a melt, both parame-
ters become partly ﬁxed in space and time by the quench-
ing process, similar to a crosslinking of the system. The
scattering structure factors of such ‘frozen’ disordered sys-
tems have therefore to be calculated as a quenched ensem-
ble average [34]. This was tackled successfully by Read
who developed a complicated non-equilibrium ‘double’
Random-Phase-Approximation (RPA) theory to deal with
the quenched (slow) and fast (annealed) variables in thesystem [32]. It is out of the scope of this review article to
present any details and readers are encouraged to look
up the concerning references [32–34]. Instead, here we will
just introduce the structure factor and the parameters of
the model and shortly discuss its structural form solely
for the case of an hierarchically simple, linear chain. Only
for the dilute linear chain blend the quenched RPA ap-
proach is strongly simpliﬁed (see below) [33]. We note,
however, that the correlation functions in the hierarchi-
cally more complex systems (like e.g. H-shaped) look very
similar, base on the very same ideas and theoretical back-
ground and do not contain any new structural ingredients.
Further, the used RPA approach is static, contrary to dy-
namic RPA equations, and therefore needs the input of
appropriate time-dependent parameters. These can be
gained or pre-estimated, e.g. from the molecular descrip-
tion of the dynamical G*(x) modulus. Therefore, the linear
case is judged to be ideal for demonstrative and
educational purposes.
The structural variables which are required in the used
tube model, the RPA approach and their association with
the rheological model can be summarized as following
[6–8]:
a. The unrelaxed fraction of polymer chain, 1  fe (be it
of linear, or part of an early relaxing outer arm of a
branched polymer) which is still contained inside
its tube, i.e. entangled, or vice versa, the fraction fe
of it, which has relaxed and is near-isotropic after
a step relaxation. The rheological counterpart is the
tube occupation factorU(t) which is directly propor-
tional to the relaxational modulus, G(t) U(t) and
therefore assumes the same orientational relaxation
times.
b. The radius of gyration of the gaussian chain, Rg (or of
the building blocks) which is deformed afﬁnely in
the scattering experiment. This is reﬂected in the
rheological terminal peak position of which the time
(s  1/xpeak) scales usually like M3.4 or Z3.4. Z, the
number of entanglements is deﬁned as Mw/Me and
Me is the entanglement molecular weight. It is deter-
mined from the elastic plateau modulus at high fre-
quencies. The larger M, the larger Z, the larger the
longest relaxation time and the larger the overall
chain dimension is. Rg scales with
ﬃﬃﬃﬃﬃ
M
p
for gaussian
conformations in the melt state.
c. The topological tube diameter, d0 (or if different
along the strain axes, dl) which is related to the
entanglement mass Me from rheology [2,3,10]. This
is deﬁned statically as the end-to-end distance of a
chain of length Me. In the scattering approach it will
be modelled via harmonic constraining potentials
[34]. The tube may deform as dl = d0km with
m = {0, 1} for non-deformed and afﬁne-deformed
tube.
d. The retraction parameter of a chain contour, c, as
purely non-linear rheological variable which equil-
ibrates eventually non-equilibrium distorted tube
lengths in linear and hierarchical levels of
branched polymers [2], depending on the applied
strain rate.
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time-independent and can be determined from the
isotropic scattering curves.
The structure factor for a linear chain in a deformed
tube has been derived for the ﬁrst time by Warner and Ed-
wards, using a harmonic potential that restores segments
back to their mean axis [34]. This is a convenient approach
and has shown its merits for both scattering and dynami-
cal–mechanical analyses. For the linear chain as the prom-
inent example, the quenched RPA results along the
principal axes l reads in a good approximation for
moderate strains [32,15]:
Sðq; kÞ  2
Z 1
0
dn
Z n
0
dm
Y
l¼x;y;z
expðQ2lk2lððnmÞ=cÞ
 nlQ2lð1 expððnmÞ=nlcÞÞð1 k2lÞÞ
here n andm are reduced contour coordinates, Q is qRg, k is
the macroscopic strain, nl is deﬁned as (d
2
l=2
ﬃﬃﬃ
6
p
R2g ) and c is
the retraction factor of the equilibrium contour length and
depends on the strain. It reduces to the classical Debye
curve if the strain is 1. Closer inspection reveals that the
length scales, Rg and d0 are well separated. For vanishing
tube diameters the deformation is afﬁne over all length
scales (i.e. a rescaled Debye curve results) whereas for
large tube sizes, comparable to or much larger than the
chain size, the scattering curve is approaching the isotropic
Debye curve. The two-dimensional scattering patterns in
the strained state are approximately elliptical as can be
recognized from the Q2 dependence. In relaxation studies,
the double integral must be modiﬁed to allow the macro-
scopic k for segment numbers between feN to (1  fe)N
and isotropy for those from 0 to feN and between (1  fe)N
and N. N is the total number of chain monomers. fe, d0 and c
are time-dependent quantities. This very same Warner–
Edwards-type structure factor is also the basis for compar-
ative descriptions in differently branched polymers as in
Scheme 1 [6,7,9]. In the following section we will analyse
and discuss the importance and contribution of each of1E-3 0.01 0
0.74
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0.78
0.80
R
g 
(pe
rp)
/R
g (
iso
)
t (Rouse
Fig. 3. Ratio of perpendicular radius of gyration to the isotropic value. Tthese parameters in a suitably selected architecture, seen
from appropriately designed scattering experiments.
4.1. The non-linear retraction process
Large step strains, compared to the amplitude in a lin-
ear rheology measurement, lead to afﬁne deformation of
the chain contours only if the rate of deformation exceeds
excessively the inverse equilibration Rouse time of the
chain, i.e. the chain has no time to relax within the strain-
ing phase. In this case, the tube length will relax to its ini-
tial equilibrium value with sR by retracting within the
afﬁnely deformed tube [2] after the step strain has
stopped. This process was theoretically predicted but could
not be observed experimentally despite several attempts
[12–14] until the FZ Jülich strain rig was developed. The
detection of this process primarily focuses therefore on
the ﬁrst term of the structure factor, the higher q-values
being less obviously modiﬁed. Thus, the Guinier range,
i.e. qRg < 1 is sufﬁcient to observe how the parameter c
changes from 1 (i.e. afﬁne deformation) to a reduced strain
with c > 1. In this q-range, the second part of the exponen-
tial argument can be neglected. The time dependence of c
has been proposed theoretically by Doi and is single-expo-
nential-like. Results obtained from straining a linear chain
blend to k = 1.7 ultrafastly [15] are shown in Fig. 3. The
entanglement number was 58 and the isotropic chain
dimension about 180 Å. Here, the relative radii of gyration
in both parallel and perpendicular scattering have been
collected. As retraction is an isotropic process, the parallel
radius of gyration with the strain direction is not well sui-
ted to extract the effect of retraction since relaxation al-
ways tends to decrease its size. However, the retraction
in the perpendicular direction causes the chain to shrink
its dimension even beyond the afﬁne value and will
therefore lead to even lower chain dimensions, lead to a
measurable shift of the structure factors to larger q vectors
or as experimentally observed, an effective increased
intensity in the concerning q-range. The SANS experiments.1 1 10
 time units)
he minimum due to retraction is found at sR of the linear chain.
482 W. Pyckhout-Hintzen et al. / European Polymer Journal 47 (2011) 474–485conﬁrm not only the amplitude of retraction but at the
same time corroborate the characteristic time scale of sR.
A clear minimum in Rg is found around sR. The line in
Fig. 3 corresponds to the prediction basing on the pure rhe-
ological description [15].
Note that the same retraction parameter is also active in
branched polymers. Here, it depends on the hierarchy and
it is the major mechanism associated with the well-known
elongational hardening [2,6].
4.2. The dynamic dilution concept
Whether in branched polymers the same non-linear
retraction process of arms in their deformed tubes can be
identiﬁed, depends strongly on the length of the faster out-
er arm. All investigated model-branched polymers in this
study were therefore designed to ﬁt its length scales into
the SANS interval and typically have shorter arms with
much less entanglements (order of 10) than the previous
linear example [6–8]. Consequently, the outer arms in
the following branched architectural examples which are
based on the low Tg-polymers polyisoprene and polybuta-
diene, are generally too fast to be stretched non-linearly.
All have equilibrated tube lengths. However, the deeper
lying sections do have extended contour lengths.
Relaxation of the system will start at the tube ends and
will proceed until the arm tube has been completely
depopulated [4,10]. This process is very similar to a one-
sided contour length ﬂuctuation in linear chains. It is cou-
pled to the creation of isotropic end sections which are fast
and ‘dilute’ the entanglement tube of the surrounding
medium. These isotropic segments have performed many
explorations in space by the time that a deeper lying seg-
ment just escapes its tube for the ﬁrst time. The segment
density, keeping up the stress is then reduced and in a ﬁrst
approximation widened tube diameters result. The corre-
sponding modulus then scales as G(U(t)) = G0U(t)(1+a) as
is known from scaling theory in solutions, a being theFig. 4. Typical two-dimensional scattering patterns at different detector position
deformed peak ring (blue) is shown which evolves at longer times to butterﬂy-li
to the arm relaxation coordinates and show from left to right an expected conti
cover the full outer arm relaxation domain only. (For interpretation of the referen
of this article.)dilution exponent. This implies an effective entanglement
molecular weight Me(U) =Me0/Ua. This leads to d =
d(undiluted)U
a/2 (a = 1 or 4/3 depending on the quality of
polymeric solvent). The chain now ﬂuctuates towards the
branching point but in a larger tube. This ﬁrst passage
problem has been solved elegantly and leads to crossover
functions to describe the full time spectrum [6,10,37,38].
For such investigations, partially labelled H-shaped poly-
mer are the most ideally suited [7,8]. As can be seen from
their chemistry in Scheme 1, they may be considered as the
shortest combs or smallest pompom structures as well.
The discussed dilation of the tube is thus inherently corre-
lated to the amount of dangling ends in the outer
generation.
Fig. 5 also shows the main characteristics of the block
copolymer-like structure of the H-architecture. The poly-
mer chemistry is a roughly 50/50 1,4–1,2-polybutadiene
with deuterated backbone [8]. This particular microstruc-
ture has the same Tg as well as the same entanglement
molecular mass as the normal 1,4-polyisoprene. Without
going into details, at low angles a correlation peak is ex-
pected for the isotropic system. The position and height
of the peak is related to the total size and speciﬁc architec-
ture. The deviation from zero intensity at zero scattering
vector is the sign of polymolecularity in the number of
components. We note that these experiments have led
the synthesis group to re-investigate the composition of
the H-polymers by more sophisticated chromatography
methods like TGIC, e.g. the scattering experiment was able
to identify 25% of H’s missing 1 arm and 5–10% of H’s of a
double backbone length, corroborated by the TGIC investi-
gations. The experimental tube diameters in this back-
bone-labelled H are found to grow in time and are in
total agreement with the fraction of occupied tube
U(t) =Ubackbone +Uunrelaxed arm(t). The tube diameter varied
from 32 to effectively 40 Å with the isotropic end fraction fe
ranging from 0.2 to 0.5 approximately. The shown time re-
gion is sufﬁciently separated from the time domain wheres, focussing on large length scales (top) and short length scales (lower). A
ke patterns. The lower curves at high scattering vectors are most sensitive
nuous reduction of anisotropy. The strain direction was vertical. The data
ces to color in this ﬁgure legend, the reader is referred to the web version
Fig. 5. Collection of data only along the principal axes parallel and perpendicular to the strain direction for the earliest times of the two-dimensional
patterns in the previous Fig. 4. Upper left plot shows the isotropic partially labelled H-polymer which is clearly peaked due to the correlation hole effect as
in di-block copolymers. The high Q follows random walk, gaussian statistics. In the strained state the curve splits up in two peaks for each strain axis
separately. The parallel axis displays the highest peak due to enhanced correlation.
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well. Here, the agreement with the modelling is perfect.
Deviations start to show up for times at which consider-
able branch point motion cannot be excluded anymore.
A comparative agreement with this model can be ob-
tained for similar H-polymers in which now only the tips
of the arms were deuterium labelled [6,7]. Experiments
on this kind of polymer are very sensitive to the short time
dynamics and could invoke interesting phenomena at high
strains and long times. These are not discussed in this
context.
4.3. The network similarity
The former parameters c(t), fe(t) and d0(t) were not suf-
ﬁcient, however, to describe the long time behaviour in
Fig. 4 (last two scattering data sets) Here, the ellipsoidal
patterns have evolved into eight-shaped or butterﬂy
patterns which had been observed in the literature forlightly-crosslinked networks and gels, colloidal suspen-
sions under shear and bimodal deformed blends as well
[39–41]. Their origin was not clear and an explanation cov-
ering all experiments was needed. It is now generally ac-
cepted that it is elastic inhomogenities and ﬂuctuations
in the ‘network’ being responsible for the particular shape.
Isotropic and deformed material so to speak undergo a
dynamical phase separation in that fast, relaxed sequences
(arms, short chains, etc.) are enriched into regions which
become expelled from slow and crosslinked domains. This
leads to extra correlation between parts in the systems
which are not immediately correlated to or dependent on
the tube model. They may add therefore incoherently to
the scattering intensity. Whereas a simple anisotropic
Debye–Bueche scattering law to account for random inho-
mogenities using I(q)  1/(1 + (f q)4) could have been used,
a more microscopically based approach, however, which
takes into account ﬂuctuations in the entanglement net-
work density as well as branch point contributions was
484 W. Pyckhout-Hintzen et al. / European Polymer Journal 47 (2011) 474–485recently proposed [8,32]. The importance of this extra scat-
tering which renders the system counterintuitive more
anisotropic at longer times is under investigation. It could
be controlled, e.g. using blends of branched polymers with
different linear matrices [9,11]. Latter determine the global
rheological answer and will allow to study the coupling of
these inhomogeneous domains with the macroscopic
strain, the environment and entanglement density.
5. Outlook
The upper review of the most recent analyses of relax-
ing branched systems in real-time using the quenching
technique combined with small angle neutron scattering
is an example for the high cooperativity and synergy of dif-
ferent disciplines. Only the cited model synthesis of poly-
mers and blends which are relevant in industrial
processing and for end-use properties provides the way
to such detailed scattering analyses and improved under-
standing of polymer rheology on the molecular scale. For
controlled rheological behaviour, branching together with
the topological interactions between the chains have been
identiﬁed to be determining parameters. They are promis-
ing for extension of the studies into the important strongly
non-linear regime. The wealth of non-linear behaviour is
proportional to the complexity of the architecture. For lin-
ear chains it is extremely difﬁcult to enter into the non-lin-
ear region. This is immediately accessible, however, in
hierarchically-built systems in which at least the one-be-
fore-last relaxing hierarchical layer remains deformed
and therefore unrelaxed at shorter times. Dilute blends of
branched polymers with linear chains are of special inter-
est today since the properties, belonging to the dilute com-
ponent can be ‘borrowed’ at wish from the branched
polymer in the blend. To be industrially applicable, simple
but most effective new and partially branched structures
are a must. To investigate all ingredients of architectures,
whether tubes deform, whether their size depends on the
level in the branched polymer, whether the branch points
join in into the dynamical relaxation spectrum and
whether the linear matrix in which they are embedded
plays a role, the simplest new geometry choice could be
that of a dendrimeric, hyperbranched or cailey tree struc-
ture. Actual research is already underway on the depen-
dence of constraint release action due to the linear
matrix length on this new model architecture [9].
Acknowledgement
Part of the work was performed under FP6 EU-Brite
Euram LCB ‘Long chain branching’ and the Network of
Excellence ‘Softcomp’. We thank Nikos Hadjichristidis
and his team for the many fruitful collaborations in the
past decades.
References
[1] De Gennes PG, Leger L. Ann Rev Phys Chem 1982;33:49.
[2] Doi M, Edwards SF. The theory of polymer dynamics. Clarendon:
Oxford; 1986.
[3] Likhtman AE, McLeish TCB. Macromolecules 2002;35:6332.[4] McLeish TCB. Chem Eng Res Des 2000;78:12.
[5] McLeish TCB. Curr Opin Solid State Mater Sci 1997;2:678.
[6] McLeish TCB, Allgaier J, Bick D, Bishko G, Biswas P, Blackwell R, et al.
Macromolecules 1999;32:6734.
[7] Heinrich M, Pyckhout-Hintzen W, Allgaier J, Richter D, Straube E,
Read D, et al. Macromolecules 2002;35:6650.
[8] Heinrich M, Pyckhout-Hintzen W, Algaier J, Richter D, Straube E,
McLeish TCB, et al. Macromolecules 2004;37:50554.
[9] Dahbi L, Pyckhout-Hintzen W, Hadjichristidis N, Lohse D, Van
Ruymbeke E, Sharp M, et al. 2010, unpublished.
[10] McLeish TCB. Adv Phys 2002;51:1379.
[11] McLeish TCB, Clarke N, De Luca E, Hutchings L, Graham R, Gough T,
et al. Soft Matter 2009;5:4426.
[12] Boue F, Osaki K, Ball RC. J Polym Sci: Polym Phys Ed 1985;23:833.
[13] Boue F, Nierlich M, Jannink G, Ball RC. J Phys Lett 1982;43. L-593.
[14] Boue F, Nierlich M, Osaki K. Faraday Symp Chem Soc 1983;18(83).
[15] Blanchard A, Graham RS, Heinrich M, Pyckhout-Hintzen W, Richter
D, Likhtman AE, et al. Phys Rev Lett 2005;95:166001.
[16] Hadjichristidis N, Pitsikalis M, Pispas S, Iatrou H. Chem Rev
2001;101:3747.
[17] Hadjichristidis N, Pitsikalis M, Iatrou H, Pispas S. Macromol Rapid
Commun 2003;24:979.
[18] Hsieh HL, Quirk RP. Anionic polymerization: principles and practical
applications. New York: Marcel Dekker Inc.; 1996.
[19] Bauer BJ, Fetters LJ. Rubber Chem Technol 1978;51:406.
[20] Roovers J, Zhou L-L, Toporowski PM, van der Zwan M, Iatrou H,
Hadjichristidis N. Macromolecules 1993;26:4324.
[21] Allgaier J, Martin K, Räder HJ, Müllen KK. Macromolecules
1999;32:3190.
[22] Gido SP, Lee C, Pochan DJ, Pispas S, Mays JW, Hadjichristidis N.
Macromolecules 1996;29:7022.
[23] Hadjichristidis N, Xenidou M, Iatrou H, Pitsikalis M, Poulos Y,
Avgeropoulos A, et al. Macromolecules 2000;33:2424.
[24] Iatrou H, Avgeropoulos A, Hadjichristidis N. Macromolecules
1994;27:6232.
[25] Perny S, Allgaier J, Cho D, Lee W, Chang T. Macromolecules
2001;34:5408.
[26] Nikoupoulou A, Iatrou H, Lohse DJ, Hadjichristidis N. J Polym Sci Part
A: Polym Chem 2009;47:2597.
[27] Clarke N, De Luca E, Dodds JM, Kimani SM, Hutchings LR. Eur Polym J
2008;44:665.
[28] Kimani SM, Hutchings LR. Macromol Rapid Commun 2008;29:633.
[29] Chambon P, Fernyhough CM, Im K, Chang T, Das C, Embery J, et al.
Macromolecules 2008;41:5869.
[30] Im K, Kim Y, Chang T, Lee K, Choi N. J Chromatogr A 2006;1103:235.
[31] Ourfanou K, Iatrou H, Lohse DJ, Hadjichristidis N. Macromolecules
2006;39:4361.
[32] Read DJ. Macromolecules 2004;37:5065.
[33] Read DJ. Eur Phys J B 1999;12:431.
[34] Warner M, Edwards SF. J Phys A 1978;11:1649.
[35] van Ruymbeke E, Keunings E, Bailly RC. J Non-Newtonian Fluids
2005;128:7.
[36] Marrucci G. J Polym Sci: Polym Phys Ed 1985;23:159.
[37] Larson R. Macromolecules 2001;34:4556.
[38] Lee J, Archer LA. Macromolecules 2002;35:6687.
[39] Boue F, Bastide J, Buzier M, Lapp A, Hertz J, Vilgis T. Colloid Polym Sci
1991;269:195.
[40] Hayes C, Bokobza L, Boue F, Mendesm E, Monnerie L.
Macromolecules 1996;29:5036.
[41] Rouf C, Bastide J, Pujol J, Schosseler F, Munch JP. Phys Rev Lett
1994;73:830.
Wim Pyckhout-Hintzen (born 1959) studied
Physical Chemistry at the University of
Antwerp, Belgium and graduated 1985 in the
Department of Structural Chemistry in the
ﬁeld of molecular orbital constrained gas
electron diffraction. He was awarded the Jan-
Stas Price of the Academy of Science in Brus-
sels (1986). After a postdoctoral fellowship at
the Forschungszentrum Jülich, Germany and
at EXXON Corporate Research, Annandale,
USA, 1990 he got permanently engaged with
the Jülich Centre for Neutron Science JCNS-1.
His research interests are nanocomposites, molecular rheology and rub-
ber elasticity using rheology and neutron scattering techniques.
W. Pyckhout-Hintzen et al. / European Polymer Journal 47 (2011) 474–485 485Jürgen Allgaier (born 1963) studied chemistry
at the University of Freiburg and obtained his
doctorate in 1993. He worked in Strasbourg at
the Institut Charles Sadron and as Postdoctoral
Fellow at Shefﬁeld University on research
projects in anionic polymerization. In 1995 he
joined the Forschungszentrum Jülich. At the
Jülich Centre for Neutron Science his research
interests are in the ﬁeld of anionic polymeri-
zation andmicroemulsion research. In 2002 he
was awarded the Erwin Schrödinger-Prize for
Interdisciplinary Research.Dieter Richter (born 1947), studied Physics at
Braunschweig University of Technology and
RWTH Aachen University, where he took his
doctorate in 1977. After a period of postdoc
work at Brookhaven National Laboratory, he
moved to the Institute of Solid State Research
(IFF) at Research Centre Jülich. In 1983 he
obtained his Habilitation from RWTH Aachen
University. In 1985 he accepted a position as a
senior scientist and group leader at the Insti-
tut Laue-Langevin in Grenoble. In 1989 he
became head of institute at IFF (now Jülich
Centre for Neutron Science) and was also appointed professor at the
University of Münster. His main ﬁelds of research are soft matter andmethodological developments in neutron scattering. In 1994 he founded
the European Neutron Scattering Association (ENSA) and in 2001 he
became scientiﬁc director of the European spallation source project. He
has received a number of awards for his scientiﬁc work including the
Walter Schottky Prize of the German Physics Society (DPG), the Max
Planck Research Award of the Alexander von Humboldt Foundation and
the Max Planck Society, as well as the Erwin Schrödinger Prize of the
Founders’ Association for German Science and the Helmholtz Association
as well as the Walter Hälg Prize of the European Neutron Scattering
Association (ENSA).
